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Abstract

From the initial focus on deep water Paleocene stratigraphic/combined play types
chased in the Judd sub-basin, exploration effort in the Faroese area has changed its
attention to the sub-volcanic structural play types. Post-well analyses of the first Judd
sub-basin wells concluded that some of the amplitude driven plays drilled were caused
by poor lithology calibration, but an example of an amplitude anomaly in the Vaila Fm,

with well control, from the Judd sub-basin caused by gas, is presented.

This review will give a short summary of the technical advancements in seismic
imaging and drilling performance achieved over the last 5-10 year period and though
only a few wells has targeted sub-volcanic plays and their results largely remains con-
fidential, some outcomes have been released and some geological issues, which these

released results have raised, are qualitatively discussed as well as some speculations on

their impact on prospectivity seen in the light of both volcanic and non-volcanic ana-
logues, from other parts of the world.

Introduction

Exploration in the UK Faroe-Shetland Basin
commenced in the mid-70’s with the first discov-
ery of the Clair field on the Rona Ridge in 1977.
Since then more than 400 wells (includes explor-
ation, appraisal and development wells, 2010
numbers from DECC, the number also includes
the North Rockall area) have been drilled with
discoveries encountered in most stratigraphic
levels from Pre-Cambrian Lewisian basement in
the Clair Field to the Eocene reservoirs of Tober-
mory (Fig. 1) and with all major intrabasinal
highs targeted. This contrasts the Faroese side
were only the Paleocene section has been pene-
trated and with only two of the major intrabasinal
highs targeted (Fig. 1), though the results of the
last well 6004/8a-1a remains confidential.

Since the discovery of Foinaven in the early
1990’s exploration wells have been positioned on
Paleocene prospects with traps formed from a
combination of structural and stratigraphic com-
ponents where the Paleocene sandstone reservoir
either pinches out or shales out updip or the jux-
taposition of oil-bearing T30 sandstones and T20
shales (see Fig. for the stratigraphic scheme used
in this paper) but in the last decade a shift to a
strategy of targeting structural plays further out
in the basin on and around the Corona High has
been successful with the discoveries of Rose-
bank/Lochnagar and Cambo.

In Faroese waters, exploration has focused on
the Faroe-Shetland Basin, of which more than
90% percent of the area within Faroese waters
is covered by Early to Mid Palaeogene volcanics
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Fig.1. Conceptual cross section across the Faroe Shetland Channel illustrating the difference in drilled sections
on the UK side and the Faroese side. Full stratigraphic column for the explored section on the UK side, includ-
ing potential source rocks on the North Atlantic Margin (Scotchman and Doré, 1995; Scotchman et al., 1999
and Scotchman and Carr, 2005) and discoveries. Stratigraphic column for the Paleocene-Earliest Eocene in the
West Shetland area. The BGS nomenclature is from Knox et al. (1995) and Lamers and Carmichael (1999). The
T-sequence is based on Ebdon et al. (1995).
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Fig. 2. Location map with structural elements, exploration licenses, oil fields and quadrants (numb-
ered). The yellow lines indicate location of seismic profiles in Figs 3, 4 and 8.

and exploration is therefore likely to be influ-
enced by the volcanic section (Fig. 2). Three of
the seven wells drilled in the Faroese area have
been targeting Paleocene prospects with a strong
stratigraphic component and Fig. 3 shows a semi
regional seismic line running close to three wells,
6004/16-1z, 6004/17-1 and 6004/12-1z exem-
plifying the stratigraphic nature of the drilled
prospects.

Although the drillings in the Judd sub-Basin
resulted in two discoveries and oil shows in
a third well (Varming, 2009), the failure to
encounter hydrocarbon accumulations which at
present seem economically feasible was mainly
related to the lack of sealing lithologies, with
high net sand to gross interval thickness ratios

encountered in the Vaila Formation in the Faro-
ese wells (Smallwood, 2005; Woodfin et al., 2005;
Varming, 2009). This contrasts the results from
the UK side, where post-drilling analyses has
shown that poor trap definition, reservoir pres-
ence and quality is a common failure component
of the stratigraphic Paleocene plays (Loizou et
al., 2006; Lamers and Carmichael, 1999; Small-
wood, 2005). Only in one of the Faroese wells
were stratigraphic levels older than the Vaila
Formation penetrated, the Marjun discovery
was encountered in the Early Paleocene Sullom
Formation, which in this location shows low per-
meabilities.

Given that true stratigraphic traps have little or
no structural control, location of the drilled Paleo-

200N
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Fig. 3. Seismic section striking along the Faroe-
Shetland Basin length axis running close to the three
wells 6004/16-1z, 6004/17-1 and 600412-1z (from
south to north). The furthest away from the seismic
profile is located ~2.5 km away (6004/16-1z). The
simplified lithological columns for the well have been
constructed from a combination of well site lithologi-
cal descriptions and wireline logs. Yellow indicates
sandstone dominated lithologies, brown indicates
mudstone dominated lithologies, red indicates igne-
ous material and pink indicates tuffaceous material.
Aero-offset check shot data has been used convert
well depth to Two-Way-Time. Seismic data repro-
duced with kind permission from CGGVeritas.

cene UK targets has relied extensively on additional
geophysical techniques, such as direct hydrocarbon
indicators (DHI’s), i.e. flat spots, amplitude anom-
alies and amplitude variations with offset (AVO)
(Loizou et al., 2006; Cooper et al., 1999; Lamers
and Carmichael, 1999; Leach et al., 1999).

Post-drilling analyses of UK and Faroese wells
(Loizou et al., 2006; Varming, 2009) targeting
Paleocene prospects with a strong stratigraphic
component show that lithology effects induced
by the volcanic activity (e.g. igneous intrusions
and tuffaceous deposits) led to erroneous inter-
pretations of the amplitude and AVO anomalies
supporting some of the chased plays. However, an
example of an amplitude anomaly which seems
to relate to changes in fluid composition (gas) is
seen in the deepening of the well 6004/12-1/1z,
where the Paleocene (T31) Fugloy prospect was
targeted. The interval contained a thin (~5 m) gas
accumulation (Fig. 4c) and petrographic analysis
(from ditch cuttings and SWC) of the section
confirms that the interval is devoid of volcanic
detritus, while the upper (T35.3 and younger)
section in the well displays an influx of volcanic
material (e.g. shards of volcanic glass and basal-
tic fragments). The discovery was mapped on 3D
seismic (an in-line example is shown in Fig. 4a)
and amplitude extract of the interval T34 — T28
was subsequently produced on the far-stack data.
The resulting amplitude map is shown in Fig. 4b.

After the first, less successful, exploration
efforts on the Faroese Continental Shelf (FoCS),
focus has primarily changed from the solely
stratigraphic or combined stratigraphic/structural
trapped deep water Paleocene play types in the
non-basalt covered Judd sub-Basin to structural
play types along the East Faroe High and over
the Mid Faroe High of both post-, intra-and sub-
volcanic plays (Fig. 1 & 2).

Moving the exploration effort into the vol-
canic covered areas, another set of exploration
challenges emerges, and some of these will
be discussed in this paper. Some examples of
exploration challenges in a volcanic province are
mapping and distribution of volcaniclastic intra-
basalt sedimentation, sill intrusions and their
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Fig. 4. The Fugloy target in well 6004/12-1/1z observed on seismic data, amplitude extract and log traces. The
interval encountered gas in a 5 m thick section within the Vaila Formation.

Contrary to other observed and drilled amplitude anomalies in the Vaila Formation within the Faroese area, the
anomaly is a response to changes in fluid content (gas), while pre-drill evaluations has suggested that changes
in lithology (generally related to a presence of volcanic/igneous material) have been the cause for others of the
observed amplitude anomalies (e.g. in 6005/15-1 and in the shallower part of 6004/12-1/1z). Petrographic analy-
sis of the Fugloy reservoir interval confirms that the interval is devoid of volcanic detritus, while the shallower
section (T35.3 and younger) in the well displays an influx of volcanic material.

effect on reservoir properties and reservoir con-
nectivity, subsidence and thermal maturity issues
relating to possible high emplacement rates of the
volcanic section (understanding of emplacement
rates affected by the age-dating technique uti-
lised) and then there are the geophysical related
challenges e.g. poor seismic imaging, difficulties

using magnetic data for structure mapping due to
the strong remnant magnetisation of the shallow
basaltic section, ambiguities in using gravity data
as long wave length thickness variations look like
deeper seated features and finally technical issues
related to basalt drilling.

Advancements in seismic imaging (both in
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Fig. 5. Photo of cliff section displaying some of the features likely to contribute to the poor seismic data
quality. Note the variability in flow thickness, lateral changes in boundary characteristics and the undulating
geometry of some of the boundaries as well as the geometry of the individual flow lobes. All these heteroge-
neities can cause scattering and distortion of the seismic wavefield and induce random noise. The height of

the visible section is not known.

the acquisition and processing phase) has helped
de-risking the sub-volcanic plays by better def-
inition of intra and sub-volcanic features and
enhancing coherent reflectors in the sub-volcanic
section. Improvements in drilling performance
has lowered the risk of technical failure and drill-
ing costs. The primary challenges remaining is
understanding which stratigraphy these sub-vol-
canic reflectors represent, the age of sub-volcanic
structures and what influence the volcanic sec-
tion has on source rock maturity, reservoir and
migration timing.

The volcanic sequence offshore has tradition-
ally been referred to as a basalt sequence, but in
this publication such a specific term will not be
applied. This is because the sequence is known
from onshore exposures, onshore drill cores and
drilling results to include a variety of volcanic

facies, including sub-aerially emplaced basalt
lava flows, hyaloclastite deltas, volcaniclastic
sandstones and inter-lava units such as coals,
paleosols and other sedimentary units (e.g. Ras-
mussen and Noe-Nygaard, 1969; Passey and
Jolley, 2009). This does not include the numer-
ous sills typically imaged below the volcanic
sequence, and found onshore Faroe Islands within
the volcanic sequence.

Seismic Imaging

With the change in exploration focus towards the
volcanic covered structural highs of the FoCS, the
seismic imaging problem and methods to enhance
geophysical data quality to de-risk sub-volcanic
plays has been a major concern and though the
problem still persists, there has been some major
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Fig. 6. The figure shows an example of a seismic line with what is interpreted as a hyaloclastic delta with
clinoform structures (pink overlay), overlain by parallel reflectors interpreted as parallel bedded lava flows.

advancements in both seismic data acquisition
(e.g. over/under acquisition; Leathard et al.,
2009, deep towing, bubble-tuned, long offsets;
White et al., 2005) and processing techniques
(e.g. Gallagher and Dromgoole, 2008; Hobbs et
al. 2009; Bean and Martini, 2010) over the last
5-10 years. Today confident mapping of large
structures below the volcanic section is possible
due to a marked improvement in the imaging of
coherent reflections below the volcanic section,
something that the first sub-volcanic well veri-
fied, by penetrating the shaly Lamba Fm (Ellis,
2009; Allinson, 2009).

Previously it has been the general idea that the
main mechanism for poor sub-volcanic imaging
was related to a high impedance contrast between
basaltic lavas juxtaposing lower density and/or
lower velocity rocks (e.g. sandstone or shales),
but recent investigations in seismic wave field
behaviour have shown a more complex set of
mechanisms, emphasizing the influence of the
internal heterogenic nature of a volcanic pile e.g.
inter-layered volcaniclastic sediments, eroded
intra-layered surfaces, vesicular flow margins,
jointing, fracturing and irregular faces; Fig. 5
shows an example of how some of these features
looks like in a cliff section on Svinoy, which nota-
bly adds to the picture of distorting and scattering
the seismic wave field (Pujol and Smithson, 1991;

Gibson and Levander, 1998; Hestholm and Ruud,
2000; Martini ef al., 2001; Boldreel, 2003; Bean
and Martini, 2010). This scattering can be both
coherent, where wave field reverberate within
individual layers, and incoherent, producing ran-
dom noise through which deeper sub-volcanic
reflections are masked (Martini and Bean, 2002).

From the many published works on seismic
imaging within the Faroese area, a few conclu-
sions can be drawn with respect to seismic data
acquisition and processing (White ef al., 2005;
Gallagher and Dromgoole, 2008; Hobbs et al.,
2009; Leathard et al., 2009). One of the main con-
clusions is the significance of deep towing (= 15
m) source and streamer in the acquisition phase,
to band limit the data, as well as focusing on put-
ting more of the available energy into the low end
of the frequency spectrum (Hobbs, 2002; Martini
and Bean, 2002; Ziolkowski et al., 2003; White
et al., 2005). The very long offsets of 12 km and
above tested in the early 90’s have not necessar-
ily been beneficial and apertures of 6-8 km are
now regarded as being appropriate (e.g. Gallagher
and Dromgoole, 2008; Hobbs et al., 2009). The
streamer length shall be long enough to obtain
information to allow for confident demultiple and
accurate velocity analysis, which will depend on
the depth to the top of the volcanics, their thick-
ness and the depth to target.
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In the seismic acquisition phase, the industry
has come up with a fairly robust setup while the
biggest uplift has been in the seismic process-
ing stage, where particular emphasis on removing
the high frequencies early in the processing stage
has proven beneficial, careful noise attenuation,
demultiple (e.g. SRME and Radon Transform
demultiple), iterative geological interpretation
derived velocity analysis of the volcanic sec-
tion and pre-stack beam steering migration has
given a remarkable improvement in the seismic
imaging of the deeper sub-volcanic levels (e.g.
Gallagher and Dromgoole, 2008; Hobbs et al.,
2009). Inspection of older speculative seismic
surveys has demonstrated that some of these data
sets also contain the necessary information in the
lower frequencies and reprocessing of these sur-
veys using the above processing work-flow has
uplifted these data set’s ability to image the sub-
volcanic section (e.g. Gallagher and Dromgoole,
2008; Hobbs et al., 2009).

Drilling of volcanics

Another issue that has been conceived a hin-
drance for exploration within the volcanic
covered areas of the FoCS is the hard rock drill-
ings, which previously has been perceived too
difficult, too time consuming and ultimately too
expensive. An example is the well 164/7-1 in the
UK sector of the Rockall Trough, which drilled
1.2 km of Paleocene basaltic lavas (Archer et al.,
2005). From the End of Well report, penetration
rates of around 3-4 m/hr in the upper weathered
basaltic section is documented, while the deeper
Late Cretaceous dolerite sill intruded mudstone
section, displays even lower penetration rates
(~1.2 m/hr) and average drill bit runs of ~125 m
through the Paleocene basaltic section. An ear-
lier example of basalt drilling is the deepening of
the Lopra-1/1a onshore borehole in 1996. In this
borehole; 1400 m of volcanic strata was drilled
using a conventional tri-cone bit. In all 24 6%
inch bits were used, each drill bit drilling 58 m
in average (range 4 - 170 m) and with an average
rate of penetration of 2.18 m/hr (range 0.74 — 3,5
m/hr) per bit.
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Fig. 7. Log traces from 204/10-1 and 6005/13-1A

for the volcanic section in the Flett Formation (only
upper part of 6005/13-1A shown) to show differences
in the resistivity and sonic log trace appearances.
Note the difference in the log appearance of the
upper part of well 6005/13-1A, with very sharp
boundaries between the lavas and the volcaniclas-

tic mudstone, giving the log trace a box-like shape,
while the lower section of 6005/13-1A and 204/10-1
displays more serrated log traces.
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It was therefore, from these rather discour-
aging results, necessary to increase drilling
performance prior to drilling the first well target-
ing a sub-volcanic play on the FoCS. Fortunately
testing and development of new drill techniques
and bits on the Rosebank discovery (drilled in
2004) led to substantial advancements in drilling
performance (Close ef al., 2005).

The results from the drilling showed a direct
proportionality between rotational speeds and
rates of penetration. To achieve high rotations
per minute, a combination of diamond impreg-
nated bits, a turbine system and powerful rig
pumps were utilised. Comparison between offset
well costs and a post-well cost analysis revealed
that these improvements led to a lowering of the
cost-per-drilled-foot by a factor 2.5 (Close et al.,
2005).

The technology was adopted by Statoil when
drilling well 6104/21-1. Penetration rates around
10 m/hr have been reported while one single
diamond impregnated bit drilled over 750 m of
volcanics in the well (Allinson, 2009). The same
technique was also successfully used when well
6005/13-1 was drilled, here a single drill bit also
drilled more than 700 m of volcanics, though the
penetration rates were lower (~ 4 m/hr; ROP val-
ues obtained from the End of Well Report). The
conclusions from post-well analyses suggests that
drilling of hard volcanics doesn’t pose a problem,
while a section of mixed thinly bedded hard and
soft sections e.g. a sill intruded shaly section or
a volcanic section with a thick, deeply weathered
soft upper crust and a hard brittle flow core often
leads to slower rates of penetration and vibrations
in the drill stem.

But all together, the recent advancements in
drilling performance and lower cost per drilled
meters of volcanics; should increase the impetus
for sub-volcanic exploration on the Faroese Con-
tinental Shelf.

Reservoir

Pre-volcanism reservoirs

The Vaila interval encountered in the Faro-
ese part of the Judd sub-basin proved to be
sand prone (Smallwood, 2005; Woodfin et al.,
2005; Varming, 2009), while the necessary
sealing lithologies, were for the most part defi-
cient, with the only encountered competent seal
(Pre-Vaila) being the mudstones of the Early
Paleocene Sullom Formation encountered in the
well 6004/16-1z and the shaly Lamba Formation
(post well analyses, Woodfin et al., 2005; Small-
wood, 2005b). The Sullom Formation reservoir
section (average porosity of 11 % and permeabil-
ity < 1 mD) consisted of two reservoir sections
separated by a 10 m thick shale section and a 8
m thick dolerite section just above related to an
apophysis from a sill complex south west of the
well. Petrographic studies of the reservoir sec-
tion have shown an absence of garnet grains and
a presence of high temperature authigenic phases
including rhodochrosite, lamellar twinned cal-
cite and sericite (a fine grained form of mica),
all indicative of elevated temperatures. Though
the reservoir section displayed low bulk perme-
ability values (higher horizontal permeability
values), its porosities appear to be largely unaf-
fected (Smallwood and Harding, 2009; see later
section in this paper), thus suggesting that the
Sullom Fm could be a viable reservoir in other
non-intrusive affected areas.

The Paleocene interval in the UK part of the
Faroe-Shetland Basin contains excellent qual-
ity sandstone reservoirs within basin-floor, slope
fan and shelfal facies (e.g. Lamers and Carmi-
chael, 1999; Naylor et al., 1999). Porosities of
more than 25 % and permeabilities greater than
100 mD is often observed where the sandstones
are buried less than 2500 m below seabed in the
Judd sub-basin (e.g. Ebdon et al. 1995; Lamers
and Carmichael, 1999; Cawley et al., 2005) while
in the Flett sub-basin the porosities and perme-
abilities are generally lower due to their deeper
burial (Lamers and Carmichael, 1999), though
e.g. the wells 205/9-1, 206/1-2 and 214/27-2 close
to the Flett High display porosities of 25 % and
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Fig. 8. 2D seismic line connecting the two wells 6005/15-1 and 6005/13-1.The well 6005/15-1 encountered 30 m
of basaltic lava flows and 55 m of volcaniclastic sandstone/siltstone, while the well 6005/13-1 TD’ed within the
volcanic section encountering a thickness of 1475 m of basaltic lavas and hyaloclastites. Even with well ties, it is
difficult on the seismic section, to reconcile how the large differences in thickness of the encountered volcanic
section can arise, but also how these thickness differences manifest itself so poorly in the seismic data.

permeabilities of several hundreds of mD in T31-
T34 reservoirs at depths greater than 3000 m
below seabed. The precipitation of early chlorite
cementation on sandstone grains is considered
the porosity preserving mechanism in these
wells (Sullivan et al., 1999) though the presence
of increased aquifer pressure (350-600 psi over-
pressure) in the T31-T35 sequence over most of
the Flett sub-basin (Loizou ef al., 2006) could
also have an influence on the favourable reser-
voir characteristics.

The high net to gross interval thickness ratio
(60-70% for the T36-T28 sequences in wells
6004/12-1z and 6004/16-1z) of the Vaila Forma-
tion encountered in the Faroese wells (Smallwood,
2005b; Woodfin et al., 2005), contrasts some of
the findings on the UK side (Smallwood, 2005b),
e.g. is the average net to gross for the Upper
Paleocene (T31-T34, Vaila Fm) reservoir section

for the Foinaven field as a whole 55 % (Carruth,
2003) was not anticipated.

Heavy mineral and palynological data suggest
that a sediment supply sourced from the west
has influenced the Judd sub-basin through the
Paleocene. A calculation and comparison of the
volume of Paleocene sediments in the Judd sub-
basin (Smallwood, 2005a; Smallwood, 2005b;
Smallwood, 2008) and the volume denudated
from the British Isles during the entire Cenozoic
(Jones et al., 2002) display a discrepancy, with the
Paleocene sediments in the basin being 30-40%
larger than the volume denudated from the Brit-
ish Isles (Smallwood, 2008). Thus it suggests that
an alternative source, other than the British Isles,
is needed to account for the Paleocene sedimen-
tary volume in the basin. Possible contributions
to explain the volume discrepancy could be tem-
poral variations in drainage divides onshore
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UK (meaning that the sediment catchment area
changes/expands over time) or sediments from a
westerly source.

Temporal differences in the onshore drain-
age catchment area have been demonstrated
and Jones and White (2003) infer a much larger
catchment area at the end of the Paleocene than
at present day. Several lines of evidence from
heavy mineral analysis and palynology has indi-
cated (e.g. Jolley et al., 2005; Jolley and Morton,
2007; Morton et al., this issue) an input of west-
erly (non-British Isles) sourced material is likely
to have taken place prior to the onset of volca-
nism, but the provenance area from which it has
been derived from remains largely uncertain,
with proposed source areas being the Kangerlus-
suaq area, East Greenland (Larsen et al., 1999;
Larsen and Whitham, 2005), sub-volcanic base-
ment of Blosseville Kyst or the Faroe Islands and
intrabasinal highs within the Faroe-Shetland
Basin e.g. Corona High, Judd High and Wyville-
Thomson Ridge (e.g. Ziska and Andersen, 2005;
Smallwood, 2008; Ziska and Varming, 2008;
Morton et al., this issue). Heavy mineral obser-
vations from the Faroese wells suggest the influx
of non-British Isles material is most prominent
in the early Paleocene and wanes up through the
Paleocene (Varming, 2009). Whether this is due
to an overall increase of easterly sourced material
during the Paleocene, a shut-off of material from
the west or regional changes in bottom currents
and distribution patterns remain speculative.

Reservoir sections older than Paleocene have
not been penetrated within the Faroese area; but
the Lochnagar discovery has shown that sub-vol-
canic prospective reservoirs of Jurassic age exist
close to the Faroes-UK border. In areas of a thick
volcanic cover sections older than the Paleocene is
expected to be challenged due to their likely deep
burial within the basinal parts of the Faroese area,
but in areas of a thinner volcanic cover and on the
intra-basinal highs pre-Paleocene sections might
still be viable targets, though it is unknown if older
sections than Paleocene exists in these settings.

Syn- and post-volcanism reservoirs

The intra-basalt discovery of Rosebank (213/27-
1) and the post-basalt discovery of Cambo
(204/10-1) close to the Faroese border, has led to
an emerging focus on the reservoir properties of
the younger part of the Paleocene section espe-
cially the influence of volcanic derived sediments
and their impact on reservoir properties. The
intra-basalt Rosebank discovery is found in the
Early Eocene Colsay sandstones within the Flett
Formation and contains at least three reservoir
sections with autonomous oil and gas accumu-
lations (Helland-Hansen, 2009). The deepest
reservoir in the volcanic section is siliciclas-
tic, indicating that sedimentation of siliciclastic
material co-existed during the early stages of
volcanism. In the higher reservoir section, the
reservoir consists of an interbedded combination
of volcaniclastic and siliciclastic sediments, with
little or no interaction between the two litholo-
gies, indicating two interfingering sedimentary
systems competing for the same accommodation
space (Helland-Hansen, 2009).

The End of Well Report descriptions of the
ditch cuttings and side wall cores for the reser-
voir section of the post-basalt Cambo discovery
in the Hildasay Sandstone Member of the Flett
Formation, seems to indicate a relative clean silic-
iclastic sandstone in the reservoir zone, while
the main influence of volcanic derived material
(tuffaceous material and glass shards) seems to
be concentrated above and below the main res-
ervoir section.

With the findings of the Rosebank and
Cambo discoveries and the occurrence of lat-
erally extensive mafic volcaniclastic fluvial
sandstones onshore the Faroe Islands (Olavsdot-
tir and Ziska, 2009; Passey, 2009; Passey and
Jolley, 2009), a focus on the reservoir properties
of these volcaniclastic sandstones has emerged
(e.g. Olavsdottir and Stoker, 2006; Ellingsgaard
et al., 2009; Olavsdottir, 2009; Olavsdéttir and
Ziska, 2009; Passey, 2009 and Passey and Jolley,
2009). Preliminary results from cored samples
for some of the volcaniclastic sandstones indi-
cate average porosities of 18-20 % and generally
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Fig 9. a) Three burial history scenarios derived from different age dating methods for the volcanic interval
using a 1D basin model. In the first two examples, the volcanic section is 2.5 km thick, while the third example
is from a well drilled in the Faroese part of the Judd sub-basin. The burial rate is calculated from the strati-

graphic interval - Top Flett Fm to Base Vaila Fm.

b) Geothermal gradients as a function of rapid uplift (erosion) and subsidence (sedimentation). During sub-
sidence some of the heat flow is used to heat the subsiding sediments and underlying basement, reducing the
geothermal gradient, forming a cold basin. During uplift, the heat from cooling rocks will add to the heat flux,
producing a steeper geothermal gradient Adapted from Bjerlykke, 2010.

low, but very variable permeabilities of 0.12-13
mD (Ellingsgaard et al., 2009 and Olavsdottir,
2009). The variability in the permeability seems
to be related to lithology (Ellingsgaard et al.,
2009; Olavsdottir, 2009). Onshore mapping of
some of these volcaniclastic lithologies suggest
a change of facies, from conglomerate to sand-
stone in a North-South direction (Ellis et al.,
2009; Passey, 2009), opening up for the possibil-

ity for sorting away unstable minerals and lithic
components (e.g. volcanic glass) and mixing or
interfingering with siliciclastic components at
the distal edge of the lava field (Olavsdottir and
Ziska, 2009). This mixing or interfingering of
different sediment types are also observed in the
post-volcanic section in the Faroe-Shetland Basin
deposited during Eocene time (Olavsdottir and
Ziska, 2009; Olavsdottir et al., 2010), where map-
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ping of sedimentary dispersal systems indicate
a sedimentary system originating from the west
going eastwards and thought to have a volcanic
hinterland while a sedimentary system prograd-
ing in a north-westward direction from the NW
British shelfal area thought to be of siliciclastic in
composition (Olavsdottir and Ziska, 2009).

Indications for a regionally working sedimen-
tary distributary system, during the time interval
encompassing the period of volcanic activity, are
exemplified in the onshore volcaniclastic section
of the Sund Beds, where a diverse assemblage
of Late Cretaceous reworked dinoflagellate cysts
has been observed (Passey and Jolley, 2009), indi-
cating that an influx of older material into the
sedimentary system took place during the erup-
tive hiatuses.

Source-rock and maturity

From the first wells in the non-volcanic covered
Judd sub-Basin it has been established that a
working hydrocarbon system exists within the
Faroese area. Organic geochemistry and bio-
marker analysis indicates that the hydrocarbon
system and charge is similar to what is seen in
Foinaven and Schiehallion fields (Cawley ef al.,
2005). This means a dual source-rock system
of Mid-to-Late Jurassic age (Heather Forma-
tion and Kimmeridge Clay Formation) and at
least two episodes of charging (Scotchman et al.,
1998). Moving into the basalt-covered areas, only
a few non-conclusive indications from seep-sur-
veys have suggested the presence of an efficient
hydrocarbon system, so when drilling the first
well targeting a sub-volcanic prospect, the exist-
ence of an efficiently working hydrocarbon
system was one of the main risks. Furthermore
were the maturity and hydrocarbon phase little
known and the effect of volcanic overprinting on
the hydrocarbon system was uncertain. Previous
understanding suggests the most likely phase
would be dry gas, but thermal modelling incorpo-
rating pressure retardation (Carr and Scotchman,
2003; Scotchman and Carr, 2005) has indicated
that the Kimmeridge Clay Formation is still

mature for oil generation at 8§ km depth in over-
pressured basins and that onset of expulsion from
the source rock is delayed in a overpressured sys-
tem compared to a normal pressured system.

Post-well analysis of hydrocarbon indicators
(from FIT analysis, Fluid Inclusions Technique)
within well 6104/21-1 demonstrated a work-
ing hydrocarbon system (Ellis, 2009) within the
basalt covered area, reducing one of the risks
existing prior to drilling.

Aspects of thermal effects from volcanic
activity

The thermal effects of volcanic activity can be
seen on several scales, from a rise in regional
basal heat flow during break-up, thermal effects
on reservoir sections from igneous intrusions,
local heating of source rocks, and modification
of previously generated hydrocarbons.

Rifting and break-up is commonly associated
with a regional rise in the basal heat flow from the
rising of the mantle due to thinning of the litho-
sphere (Kusznir and Park, 1987), the heat flow
rise is generally dependant on stretching factor,
strain rate, time interval of the rifting episode,
initial mantle temperature and thermal proper-
ties of basin fill.

The relationship between volcanic activity,
rifting and ultimately break-up has been much
debated, but it is generally accepted that the
North Atlantic Igneous Province (NAIP) is a
consequence of two major magmatic phases: a
pre-break-up phase (~62-58 Ma) and a syn-break-
up phase (~56-54 Ma) contemporaneous with the
onset of the North Atlantic sea floor spreading
(Saunders et al., 1997; Larsen et al., 1999; Torsvik
et al., 2001; Jolley and Bell, 2002; Waagstein et
al., 2002; Meyer el al., 2007; Storey et al., 2007).
The first pre-break-up phase of volcanism was
constrained to a NW-SE band extending from the
UK, across Faroe Islands and Greenland (East
and West) and on to Baffin Island in East Canada
(e.g. Saunders et al., 1997; Dor¢ et al., 1999; Lun-
din and Dor¢, 2005, Ziska and Varming, 2008;
Ziska, this volume), while the second phase of
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volcanism is directly associated with the breakup
of the North Atlantic in the Early Eocene (Saun-
ders et al., 1997, Doré et al., 1999; Jolley and Bell,
2002).

The relationships between igneous rocks
and hydrocarbons have been well documented
from several places around the world, e.g. in the
Liaohe Basin in China (Zhenyan et al., 1999),
the intra-cratonic Parana Basin of Brazil (Aratjo
et al., 2000), the Gunnedah Basin onshore East
Australia (Othman et al., 2001) and the Neu-
quén Basin in Argentina, where a close relation
between source rock maturity and distance to
igneous intrusions (sills/laccoliths) is observed
(e.g. Delpino and Bermudez, 2010; Rodriguez
Monreal et al., 2009; Rodriguez et al., 2007),
though the effects of intrusive rocks on source
rock maturity can be difficult to distinguish from
those related to burial generation in areas where
both processes coexist (e.g. Bishop and Abbott,
1995).

Examples from the North Atlantic region has
shown that igneous intrusion can act as a heat
source, which can induce local thermal maturity
for hydrocarbon generation, is e.g. seen in the
stratigraphic borehole Umiivik-1 on Svartenhuk
Halve, West Greenland, where vitrinite reflec-
tance values (Ro) and Timax values display a clear
bell shape around the thickest intrusions (Dam
et al., 1998), in the Midland Valley of Scotland
(Raymond and Murchison, 1992) where Carbon-
iferous coals demonstrate extensive modifications
to molecular distributions caused by rapid heat-
ing from igneous activity, and on the Isle of Skye
(Hudson and Andrews, 1987; Bishop and Abbott,
1995; Rohrman, 2007) where a comparison
between different maturity proxy data sets (e.g.
vitrinite reflectance and molecular geochemical
ratios) displays different responses to the heating
effect from igneous dykes.

In addition to the effects igneous intrusions
can have on source rock maturity and hydrocar-
bons generated, they have also been observed to
severely alter reservoir properties, e.g. in 6004/16-
1z were the elevated temperatures and convection
of hot fluids driven by the heat input from a sill

complex into the reservoir to the south-west
has degraded the reservoir permeability, while
mainly maintaining its porosity. The porosities
plot on the same normal compaction trend curve
for other, non-intrusive affected, sands in the well
(e.g. Smallwood and Harding, 2009). Studies in
the Huab Basin, NW Namibia have also shown
how sills and dykes can compartmentalize the
reservoir section by well-cemented induration
zones of 1-2 m’s width away from the intrusion
(Jerram, 2006).

Production of hydrocarbons from reservoirs
deposited in volcanic settings or affected by vol-
canism is seen several places around the world
e.g. offshore Namibia in the Orange sub-basin,
where the Kudu gas field is producing from a
deeply buried (4400 m bsl) fluvio-aeolian sand-
stone syn-rift reservoir of Barremian age. The
reservoir section comprises sedimentary lay-
ers, varying from 12 m to 38 m in thickness,
interleaved between basalt flows. The reservoir
interval consists of quartzitic and volcaniclastic
sandstones with a mean porosity of 12 % (Stan-
istreet and Stollhofen, 1999)

In the onshore Barmer Basin, North East India,
the Mangala field is producing oil from the Late
Cretaceous to Early Paleocene Fatehgarh Fm,
a clean quartzose sandstone in the north of the
Barmer Basin with high porosity (20-34 %) and
multi-Darcy permeability, but further to the
south it incorporates more volcaniclastic material
derived from the Deccan Traps causing reservoir
quality and thickness of net sand to deteriorate
(Compton, 2009).

Finally; is concentrically fractured sills seen to
act as reservoirs in the Neuquén Basin in Argen-
tina, producing hydrocarbons for up to 20 years
(Bermudez and Delpino, 2008).

Some issues in estimating the thickness of the
volcanic section

Though a clear uplift in the seismic imaging
quality has immerged during the last decade,
tying down which seismic reflector represents the
base of the volcanic section is still a difficult task
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and hence the thickness of the volcanic section
can still be difficult to estimate. Reasons for this
are often multiple and besides the obvious lack of
well control and hence the long distance well cor-
relations have to be carried, one aspect is that the
base of the volcanics are often not a sharp bound-
ary between lithologies, but instead a gradational
transition (Fig. 6), often initiating (from the bot-
tom of the volcanic section) with a prograding
hyaloclastite section grading up into parallel
bedded lava flows possibly with intra-lava vol-
caniclastic sedimentary sections (sandstones and
mudstones) and paleosols.

The two wells on the Faroese Continen-
tal Shelf, which to date has drilled substantial
thicknesses (>1000m) of volcanics, have shown
similar volcanic sections. Within a volcanic
system, the variability in environments can be
substantial and depending on location in the vol-
canic system (which might change through time),
weathering of the lava flows, and the influence of
fluvial sedimentary systems, marine incursions
and lacustrine settings all influence the drilled
volcanic section. It is generally accepted that the
morphology of lava flows is dependant on the
emplacement mechanism (Walker, 1972; Walker,
1973; Self et al., 1997; Jerram, 2002; Passey and
Bell, 2007), e.g. fissure eruptions versus shield
volcanoes and the shift in distribution through
time of these two end-member eruptive mecha-
nisms, but also in other ways do the proximity to
the eruptive centres influence the volcanic sec-
tion, for instance may a distal placement within
the lava field result in large periods of non-erup-
tion, leading to more profound weathering and/
or erosion of the lava flows with the development
of significant paleosols.

This leads to a very heterogeneous section with-
out a sharp lithological basal boundary between
the volcanic section and the underlying non-vol-
canic section; complicating pinpointing the first
reflector which would represent a horizon being
devoid of a volcanic influence and hence compli-
cate estimating the thickness (in the first instance
as two-way-time) of the volcanic section.

Therefore mapping is normally done on pack-
ages/sections on the seismic lines and changes
in the seismic character (e.g. coherent paral-
lel bedded reflectors versus chaotic incoherent
reflectors) of the individual packages rather than
mapping of a specific reflector (Fig. 6).

With the possible scenario of a heterogene-
ous volcanic section, a large variability of the
velocities might also be expected, with deeply
weathered lava flows with thick associated
paleosols being at the low end of the velocity
spectrum, while e.g. intrusions or thick tabu-
lar non-weathered lava flows would have higher
velocities. Examples of this are for instance seen
in the zero-offset VSP derived interval veloci-
ties from 204/10-1, 6005/15-1 and 6005/13-1/1a,
where velocities for the whole of the volcanic
section in 204/10-1 is 3365 m/s while it is signif-
icantly higher in the two released Faroese wells
6005/15-1 and 6005/13-1/1a (~ 4000 - 4200 m/s).
By comparing the well site lithology descriptions
and the wireline log signatures for the volcanic
section (gamma ray, resistivity, neutron density
and sonic wireline log data) in the three wells, the
results from 204/10-1 suggests a volcanic interval
that has experienced more pronounced weather-
ing than in the other two wells. In well 204/10-1
the log signatures in the volcanic section appear
more erratic, lacking the typical box-like log sig-
nature of basaltic flows with a solid core and a
weathered top or vesicular crust. Wireline log
traces of resistivity and sonic data from the well
204/10-1 and 6005/13-1 are shown in Fig.7, sup-
porting the concept that the more distal parts of
the volcanic influenced area have had larger erup-
tive breaks allowing for more time to weather
down the lavas.

An example of the difficulties in confidently
mapping the base of the volcanics, even with well
calibrations, is shown in Fig.8 where a 2D seis-
mic line running close (perpendicular distance
of 1.6-3.2 km) to the two wells 6005/13-1 and
6005/15-1, in which the encountered thickness of
the volcanic section is 1475 m and 95 m (30 m of
sub-aerial emplaced lavas and 65 m of volcani-
clastic sandstones) respectively. Even with two
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well calibration points, it is difficult to reconcile
how the thickness of the volcanic section can vary
so considerably over a distance of 20 km and yet
manifest itself so poorly in the seismic data and
though it is possible to map coherent reflectors
between the two wells, the transition between the
extrusive volcanics in 6005/13-1 and the silici-
clastic sedimentary system in 6005/15-1 is not
possible to observe in the seismic data.

Dating of the volcanic section and some
implications for exploration

Traditionally lavas of basaltic composition has
been dated using Ar/Ar or K/Ar radiometric dat-
ing techniques and the same methods have also
been utilised on the exposed and drilled sections
on the Faroes (e.g. Tarling and Gale, 1968; Fitch
et al., 1978; Waagstein et al., 2002; Storey et al.,
2007). The different Ar/Ar and K/Ar radiomet-
ric datings have resulted in quite diverse results
leading to a maximum end-member eruption time
interval from 53.2 Ma to 64.8 Ma (an interval of
11.6 Ma from Ar/Ar radiometric data; Waagstein
et al.,2002) while others report of a time interval
only spanning half of that e.g. 6.4 Ma (54.2-60.6
Ma) from the Ar/Ar data results of Storey et al.
(2007) and Waagstein et al. (2002) reports from
their K/Ar results leading to a interval of 5.8 Ma
(54.5-60.3 Ma). Comparing these results with
results derived from pre-syn and post-volcanic
age-specific palynological data of Jolley et al.
(2002) which estimates the total time interval for
the exposed and drilled volcanic section on the
Faroe Islands to be 2.6 Ma (54.6-57.2 Ma); a fac-
tor of almost 4.5 less than the time interval from
the Ar/Ar data of Waagstein et al. (2002). The
discrepancy between the two results lies in the
onset of volcanism and not in the eruptive hia-
tuses, onshore represented by the coal-bearing
Prestfjall Fm, or the start of syn-rift volcanism.
The authors of this paper are in no position to dis-
pute any of the results, or any objections to the
results, but only want to point to possible conse-
quences of this.

Besides the obvious uncertainty in the onset

of volcanism; since the vast majority of the vol-
canic section has been emplaced sub-aerially, it
induces a significant uncertainty in the burial
rate. Depending on the available time interval,
the resulting burial rate could have been more
than twice as high compared to other locations
outside the volcanic covered areas. Figure 9a
shows examples of three different burial his-
tory scenarios. In the two first examples, pseudo
wells have been constructed with a thickness of
a sub-aerially emplaced volcanic section of 2.5
km being used (equivalent to the thickness of
volcanics encountered in 6104/21-1), in the first
pseudo well, the minimum time interval (2.6
Ma; ~1 km of burial per 1 Ma) for the emplace-
ment of the volcanic section is utilised (using the
age-diagnostic palynological data of Jolley et al.,
2002), while the second pseudo well is using the
maximum time interval (11.6 Ma; Ar/Ar radi-
ometric data; burial rate ~0.25 km/Ma). The
third example displays the burial history for well
6004/16-1/1z drilled in the non-volcanic covered
part of the Judd sub-basin (burial rate ~0.32 km/
Ma for the stratigraphic interval Top Flett Fm —
Base Vaila Fm.

Since sub-aerially emplaced lavas rapidly cool
and solidify on a geological time scale (from
days, weeks and up to a few years; Hon et al.,
1994; Self et al. 1996 and estimates of individual
flow cooling rates from onshore Faroes in Passey
and Bell, 2007), rapid burial of a thick volcanic
pile, which has near-surface temperature, will act
as a perturbation on the thermal system, since
the volcanic pile would not initially be in ther-
mal equilibrium with its surroundings at depth.
The volcanic section would then act as a block
of initially colder material; drawing heat from
its surroundings until thermal equilibrium is
reached, Fig. 9b (adapted from Bjerlykke, 2010)
depicts, simplified and qualitatively only, how the
effect of rapid burial/uplift will affect the geo-
thermal gradient and heat flow.

This effect, commonly termed ,,thermal blan-
keting* (lowering of the surface heat flow), has
been modelled on the Vering Margin, where
high deposition rates of several hundred meters
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per million years (the highest deposition rates
occurring in Late Cretaceous of 1.2 km/Ma) of
cold sediments with low heat conductivity during
the mid-Cretaceous to Paleocene (Wangen et al.,
2008) causes a temporal reduction in the surface
heat flow. Also at basement level is the thermal
blanketing effect apparent in the heat flow, but
with more subdued and long waved temporal fluc-
tuations than in the surface heat flow (Wangen
et al., 2008). Considering that the Faroese lavas
have low heat conductivity (1.5-2.0 Wm/K; Ball-
ing et al., 1984; Balling et al., 2006) the same
thermal blanketing effect might also happen if
rapid emplacement of the volcanic section takes
place as evoked by the age-diagnostic palynologi-
cal data. It should also be noted that the overall
strain rate for the basin is influencing the effect of
thermal blanketing, a slow strain rate would allow
for more time to cool the raised mantle compared
to a higher strain rate (if everything else is kept
equal).

The pre-volcanic structuration, topography
and the contrast between low thermal conduc-
tivity sediments and higher conductive basement
also play an important role in the thermal struc-
ture, with the heat flow from depth preferentially
being conducted into flanking basement highs
(Jaeger, 1965; Giles et al., 1999; Ritter et al.
2004). In some instances does this create heat
refraction (e.g. Pismo Basin, California, Heasler
and Surdam, 1985; Vering Basin, Ritter ef al.,
2004), reducing the heat flow in the centre of the
basin. The consequence of this on the tempera-
ture distribution within the basins is not trivial
and will depend (but not exclusively) on basin
geometry, subsidence history, thermal properties
and the thermal evolution at basement level.

Another subject, which could arise from rapid
burial, is the development of overpressured sec-
tions below the volcanic sequence, if a competent
seal is present (e.g. the shales of the Lamba For-
mation or Upper Cretaceous shales) and adequate
lateral compressive stresses (e.g. by vertical bar-
riers like sealing faults) is hindering the pressure
build-up to dissipate out laterally (Osborne and
Swarbrick, 1997). This mechanical compaction

might result in the development of an undercom-
pacted section. Two effects commonly observed
from undercompaction are higher porosities and
lower velocities, but also a lowering of thermal
conductivities (e.g. Gulf of Mexico; Mello and
Karner, 1996).

If transient overpressure builds up in the deeper
sections e.g. at source rock level, the mechanism
of pressure retardation of the source rock might
take place (Carr and Scotchman, 2003; Scotch-
man and Carr, 2005). Using vitrinite reflectance
as a proxy for source rock maturation and hydro-
carbon generation, Scotchman and Carr (2005)
used a pressure-dependent vitrinite reflectance
basin model with a multiple heat flow history
based on both the tectonic and volcanic history
for the UK part of the Faroe-Shetland Basin to
predict hydrocarbon generation in well 204/19-
1. The effect of including a temperature and
pressure dependant vitrinite reflectance model
suggests that maturation and expulsion of hydro-
carbons is stalled as overpressure builds-up and
resumes when overpressure is reduced e.g. at the
Late Oligocene-Mid Miocene compressive event.
Furthermore, overpressure influences the hydro-
carbon phase generated and their timing; pressure
retardation extends the temperature regime at
which hydrocarbons in the oil phase is gener-
ated compared to a normal pressured situation
(Scotchman and Carr, 2005). As a consequence,
besides the added complications of drilling at
augmented pressure regimes, overpressure could
potentially enhance prospectivity by the extended
temperature regime for oil generation, but to date
only the T10 reservoir sands of the Sullom For-
mation (only penetrated by well 6004/16-1z) has
shown evidence of overpressure, where MDT
data indicates an overpressured section of about
1500 psi compared to a normally pressured gra-
dient (from the End of Well Report).

Conclusions

With only seven offshore exploration wells
drilled on the Faroese Continental Shelf, the
region is still in its infancy and still a frontier



Exploring for hydrocarbons in a volcanic province — A review of exploration on the Faroese Continental Shelf 101

area. What the well results have demonstrated is
the presence of a functioning hydrocarbon sys-
tem, existence of clean reservoir sections within
the Vaila Fm but with alack of competent sealing
lithologies in the Vaila Fm, a vital constituent in
the stratigraphic/combined play types targeted by
the first four wells drilled in the non-volcanic cov-
ered Judd sub-basin. Since then the exploration
effort has changed to the structural sub-volcanic
plays along the intrabasinal highs. The primary
risk lies in what effect the volcanics of the North
Atlantic Igneous Province has on the prospectiv-
ity of these sub-volcanic plays. The confirmation
of the presence of the Lamba Formation below
the volcanic section in the first sub-volcanic well
and the thick volcanic section encountered in the
well suggests a rapid emplacement of the volcanic
section and hence large burial rates (~ 1 km/Ma).
Such large burial rates have in other parts of the
world led to overpressured sections and may also
lead to overpressured sub-volcanic sections with
the possibility of improved preservation of sub-
volcanic reservoir properties and delay in source
rock maturity through pressure-retardation.

Even with well control is seismic mapping of
the volcanic section and especially the base of the
volcanic section very difficult, commonly does
the base of the volcanic section not appear as a
sharp boundary/strong reflector on the seismic
data, making mapping of the base of the volcanics
and hence estimating the thickness of the volcanic
section, over even short distances between well
control (15-20 km) difficult. This is exemplified
by the ambiguities in tying the volcanic thick-
ness in the two wells 6005/13-1 and 6005/15-1
where the encountered volcanic thicknesses in
the wells are 1475 m and 95 m, respectively. A
second implication is that mapping of the interfin-
gering volcanic and siliciclastic system is difficult
if the mapping is only based on tracing reflectors
on seismic sections.

Studies of reservoir quality of the volcani-
clastic sediments exposed onshore Faroe Islands
have shown that though the porosity in these
sandstones /mudstones can be up to 18-20 %,
the permeability is quite variable and generally

being on the low side, 0.1-1 mD making these
intra-basalt sediments likely to be only second-
ary targets.

Therefore a firm establishment of the pres-
ence of reservoir sections, their quality and age,
pressure regime and fluid composition and in a
discovery case, hydrocarbon phases, underneath
the volcanics is needed. With the improvements
in the technical aspects i.e. sub-volcanic seismic
imaging and drilling performance, the opportu-
nity for a success should be closer to materialise
itself.

At present time, two wells have been commit-
ted to be drilled over the next couple of years, one
on license LO08 and one well on license L006.
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